INTRODUCTION 4 7
Transcription factors (TFs) are proteins that control the rate of transcription by binding to 4 8 a specific DNA sequence (Lambert et al., 2018) . Mutations affecting TFs would disrupt the 1 3 0 sequence was retrieved from Ensembl (version GRCh37, ftp://ftp.ensembl.org/). For the 1 3 1 multiple alternative splicing isoforms, we only retained the longest transcripts. The data According to reference (Lambert et al., 2018) , 1639 TF genes have been annotated in human 1 3 7 genome. Among them, 1570 TF genes could be categorized into 64 families according to the 1 3 8 DNA-binding domains they encoded. And 69 TFs lacking recognizable DNA-binding 1 3 9 domains were collectively categorized into a family termed "Unknown". The largest family is 1 4 0 C2H2-ZF with 747 members, followed by homeodomain (196 members), bHLH (108 1 4 1 members), bZIP (54 members), forkhead (49 members), nuclear receptor (46 members), CENPB (11 members), E2F (11 members), BED ZF (10 members), GATA (10 members), Rel (10 members), etc. Chi-square test (expected value > 5) and Fisher's exact test (expected 1 4 6 value ≤ 5) were used to test whether each family of TFs are more likely to be dosage-sensitive 1 4 7 than other human genes. In addition, 46 small families, each with members ≤ 9 were also 1 4 8 grouped together in statistical analyses and termed as small-family TFs. The haploinsufficiency of human transcription factor genes 1 5 1
In the version GRCh37.p13 of human genome, 22810 protein-coding genes have been 1 5 2 annotated. Among them, 7824 genes were predicted to be haploinsufficient by Shihab et al. gene dataset compared with other human genes (Chi-square = 19.7, df = 1, p =1.49× 10 −9 ). Among the 65 TF gene families, the gene numbers of 57 families observed in the 1 5 8 haploinsufficient gene dataset are larger than expected by chance and the gene numbers of 1 5 9 eight families are smaller than expected by chance. In 22 families including by homeodomain, 1 6 0 bHLH, bZIP, forkhead, nuclear receptor and the Unknown family, the overrepresentation of 1 6 1 TF genes in the haploinsufficient gene dataset are statistically significant (p < 0.05 for all 1 6 2 cases. Table 1 ). In addition, the small-family TF genes are overrepresented in the 1 6 3 haploinsufficient gene dataset (Chi-square = 24.3, df = 1, p = 8.1×10 −7 ). Only one TF family 1 6 4 are significantly underrepresented in the haploinsufficient gene dataset, it is the largest TF 1 6 5 family C2H2-ZF (Chi-square = 5.9, df = 1, p = 0.015). (Chi-square = 37.5, df = 1, p = 9.35 × 10 −10 ), the haploinsufficient TF genes take only 23% of 1 6 9 all human TF genes. In 25 families, with gene numbers ranging from two to 108, the TF genes 1 7 0 are significantly overrepresented in the haploinsufficient gene dataset (p < 0.05 for all cases. Homeodomain, Runt, p53, EBF1, Paired box, TEA, AP-2, CSD, homeodomain-paired_box, 1 8 9 grainyhead, STAT, and IRF), all the TF genes are ohnologs. The small-family TF genes are 1 9 0 also overrepresented in the ohnolog dataset (Chi-square = 15.8, df =1, p = 7.1 × 10 −5 ). It should be specially noted that, only in this dataset, C2H2-ZF genes are statistically 1 9 2 overrepresented in dosage-sensitive genes. Copy-number conservation of transcription factor genes 1 9 5
In total, 7014 genes (33.7%) were found to have conserved copy-numbers across mammalian 1 9 6 genomes (Rice and McLysaght, 2017b). Among the 1639 TF genes, there are 493 TF genes 1 9 7 whose copy-numbers were conserved. Chi-square test showed that these 493 TF genes are not 1 9 8 significantly overrepresented or underrepresented in the dataset of conserved copy-number 1 9 9 genes (Chi-square = 0.12, df = 1, p = 0.73). However, we noticed that C2H2-ZF genes and 2 0 0 CENPB genes are significantly underrepresented in this dataset (p < 0.05 for both cases. in this dataset (p < 0.05 for all the three cases. Table 4 ). In addition, the small-family TF 2 0 3 genes also significantly enriched in this dataset (Chi-square = 6.16, df = 1, p = 0.013). We noticed that the datasets of dosage-sensitive genes obtained from different measures vary four independent studies, so we could regard them as the MRDS genes. In addition, there are 2 0 9 9459 genes that were not detected to be dosage-sensitive in any of the four studies 2 1 0 (Supplementary Data S1). These 9459 genes could be regarded as the most reliable dosage-2 1 1 insensitive (MRDIS) genes (Supplementary Data S1). With the most reliable datasets, we 2 1 2 evaluated the dosage-sensitivity of TF genes further. Among the 853 MRDS genes, there are 125 TF genes. Chi-square test showed that TF 2 1 4 genes are significantly enriched in the dataset of MRDS genes (Chi-square = 21.8, df = 1, p = 2 1 5 3 × 10 −6 ). In 30 TF families, the gene numbers observed in this dataset are larger than the differences are statistically significant (p < 0.05 for all the 12 cases. families are significantly underrepresented in the dataset of MRDS genes (p > 0.05 for all 2 1 9 1 0 cases). The small-family TF genes are significantly overrepresented in the MRDS gene 2 2 0 dataset (Chi-square = 15.2, df = 1, p = 10 −4 ).
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Among the 9459 MRDIS genes, there are 454 TF genes, significantly fewer than the 2 2 2 number (680) expected by chance (Chi-square = 44.9, df = 1, p = 2 × 10 −11 ). In 56 TF gene 2 2 3 families, the observed gene numbers in this dataset are smaller than expected by chance and 2 2 4 statistically significant differences were obtained in 18 TF gene families including 2 2 5
Homeodomain, nuclear receptor, bZIP, E2F, bHLH, Rel, etc. (p < 0.05 for all the 18 cases. Table 6 ). The CENPB TF gene family is significantly overrepresented in the dataset of 2 2 7 MRDIS genes (Fisher exact test, p = 0.011). The small-family TF genes are significantly 2 2 8 underrepresented in the MRDIS gene dataset (Chi-square = 26.6, df = 1, p = 2.5× 10 −7 ). characterizations using the datasets of MRDS genes and MRDIS genes then examined 2 3 5 whether the dosage-sensitive TF genes exhibit the same characteristics. The coding sequences (CDS) of the 853 MRDS genes are significantly larger than those 2 3 7 of the 9280 MRDIS genes (Mann-Whitney U test, p < 10 −6 ), with their median values differ 2 3 8 more than 2 folds (2247 vs. 927). The MRDS TF genes and the MRDIS TF genes also differ 2 3 9 significantly in their CDS length (Mann-Whitney U test, p < 10 −6 ), but with a smaller The selective pressure of each gene was measured by the dN/dS value for the human gene In the Human Protein Atlas database, the expression level of a protein, if has ever been 2 4 8
In Saccharomyces cerevisiae, one of the two genomic copies of some genes have been 2 9 4 experimental eliminated (Springer et al., 2010; Torres et al., 2016) . Most of these deletions 2 9 5 did not significantly affect the growth rate of the mutant yeasts. It has been proposed that the 2 9 6 levels of many eukaryotic proteins can be neutral for fitness over a broad range (Springer et consequences in yeast, organisms with smaller effective population size and more effective 2 9 9 genetic drift would have more genes whose dosage changes are neutral. In this context, it is proteins is a subfamily of the TF family C2H2-ZF, which are one of the most dosage- TFs that target the transposable elements with low or no transposition potential would not have severe effects. Only a few members of KRAB zinc finger proteins whose targets have binding is nonfunctional, the effects of dosage changes on the expression of target genes 3 1 7 would be buffered (Todeschini et al., 2014) . However, there is also evidence for the dosage- sensitivity of the TFs that bind to conserved noncoding sequences or critically determine the 3 1 9 chromatin structure of target genes (Lundgren et al., 2000; Schnable et al., 2011) .
One consensus of our analyses of the six datasets is that small-family TF genes are more 3 2 1 likely to be dosage-sensitive. We could not see any special common characteristics among 3 2 2 these small-family TFs. Instead, we think that the cause and effect should be considered in 3 2 3 opposite direction. It is the strong dosage-sensitivity of these TF genes that act as a selective 3 2 4 force against expansion of these families and maintain the small numbers of members in The most noticeable dosage-sensitive TF gene family is nuclear receptor. Their dosage- In plants, the TF WUS provides an insightful example for the mechanism of dosage- WUS can activate its target gene CLV3 when its protein is expressed at low level while it will 3 3 8 repress the target gene when its protein is at high level. For the WUS gene, both increase and 3 3 9 decrease of the dosage would disturb its function. The dosage of WUS gene has been fixed by 3 4 0 its dual functions as an activator and a repressor. We suppose that the most dosage-sensitivity TFs would be those whose function could be modulated towards activator and repressor properties. However, the literatures on dosage-sensitivity, we could not find any measure or 3 4 3 data on the degree of dosage-sensitivity. The MRDS genes we defined have just high 3 4 4 possibility to be dosage-sensitive, rather than the most sensitive genes. However, considering 3 4 5 that the most sensitive genes are most likely to be detected in the studies of dosage-sensitivity, 3 4 6 the MRDS genes are likely the appropriate candidates for future studies on the mechanism of 3 4 7 dosage sensitivity. In this sense, the nuclear receptor genes as well as genes encoding bHLH, property, some nuclear receptors also bind to other transcription factors and deactivate the 3 5 0 second transcription factor and its target genes in a process known as transrepression (Pascual and Glass, 2006) . A TF gene with two or more functions are more likely to be sensitive to 3 5 2 dosage changes because dosage constraint in any function would cause the gene to be dosage- complex might be the mechanism of dosage compensation that buffers gene copy number the products of other genes would be more likely dosage-insensitive. Therefore, we surveyed 3 5 8 the binding modes of the TF genes. Unexpectedly, we found only three MRDS TF genes and 3 5 9 five MRDIS TF genes whose products form obligate heteromers with other proteins. The 3 6 0 majority of TFs (97.6%) are monomers or homomultimers. Because more than half of TF 3 6 1 genes are dosage-insensitive and their proteins present as monomer or homomultimer, 3 6 2 degradation of excessive subunits is unlikely the primary mechanism for the dosage 3 6 3 compensation of dosage-insensitive TF genes. In line with the high expression level and long CDS of dosage sensitive genes, the 3 6 5 expression burden was suggested to be a possible explanation for the dosage-sensitivity (Rice and McLysaght, 2017a). We confirmed that dosage-sensitive genes are generally expressed at 3 6 7 high level. But we did not find the same pattern in TF genes. At least in TF genes, the dosage- In diploid organisms, copy number variations of protein-coding genes are common either in 3 7 6 evolution or at population level. Some of them have been found to be associated with serious and Seidman surveyed the dosage-sensitivity of human TF genes using the data available at 3 8 8 that time. They found that the dosage-sensitivity vary greatly among TF gene families identification of both TF genes and the dosage sensitive genes in the past decade, we selected four large-scale datasets and extensively surveyed the dosage-sensitivity of human TF genes.
3 9 2 A large number of TF genes were found to be dosage-insensitive. In spite of this, TF genes 3 9 3 are statistically more likely to be dosage-sensitive than other genes in human genome in most 3 9 4 datasets we used (5/6). Only in one TF family, the nuclear receptor, the dosage-sensitivity was 3 9 5 consistently supported by all the six datasets we used. In addition, we found that TF families 3 9 6 with very few members are also more likely to be dosage-sensitive. The largest TF family, 3 9 7 C2H2-ZF, are most likely dosage-insensitive TFs. They were either significantly 3 9 8 underrepresented in dosage-sensitive genes, or not significantly different from other human The authors declare that the research was conducted in the absence of any commercial or 4 0 6 financial relationships that could be construed as a potential conflict of interest. Mann-Whitney U test. family TFs include 46 TF families, each with ≤ 9 members. Table 7 Supports of the enrichments of transcription factor genes among dosage-(in)sensitive 
